Introduction
Mixed polymer-surfactant systems are of current interest for both academic and industrial research. This is because the interactions of such molecules often produce cooperative effects on the physicochemical properties and alter rheological properties and stability of colloidal systems. Thus, it was shown [1] that the interaction between polymer, surfactant, and colloidal particles can lead to three distinct scenarios depending on the sequence of adsorption of the polymer and surfactant on the colloidal interface. Polymers and surfactants are widely used in various combinations in cosmetic, medicinal and pharmaceutical products. The introduction of a polymer into the structure of various surfactant-containing interfaces can either remove the surfactant from the surface or, vice versa, enhance its adsorption, thus making it possible to control the interfacial properties in complex systems.
Sodium oleate (SO), CH 3 (CH 2 ) 7 CH=CH(CH 2 ) 7 COONa, is a widely used anionic surfactant as a dispersant, surface modifier and collector in mineral processing. In particular, it was successfully applied in the synthesis of stable colloidal solutions of nanocrystalline particles including detonation nanodiamond particles [2] ; monodisperse nanocrystals of many transition metal oxides in ultra-large quantities [3] ; carbonate particles [4] . It was probed as a drug carrier itself [5] . There is a well-proven technique to produce aqueous suspensions of magnetic nanoparticles coated with SO layers [6] [7] [8] [9] known as magnetic fluids. Recently, it was shown [10;11] that the biocompatibility of SO-stabilized magnetic fluids can be improved through the introduction in their structure of a biocompatible water-soluble polymer, polyethylene glycol (PEG), H(OCH 2 -CH 2 ) n OH. Nowadays, PEG is used in a great number of applications including the coating of colloidal particles of various origins due to its good biocompatibility [12] [13] [14] . At the same time, the mentioned modification of magnetic fluids is accompanied by several structural effects relating to the different types of aggregation in these systems [8;15] . One of them concerns micelles of non-adsorbed SO molecules formed in the bulk of magnetic fluids.
Here, we are concerned with the interaction of PEG with SO micelles in water under the conditions characteristic for the previously studied magnetic fluids [8] . Specifically, we investigated aqueous micelle solutions of SO in a concentration range of 1 -8.5 wt. % and analyzed the changes in the structural characteristics of the micelles and their interaction after the addition of PEG (M w = 1000 g/mol) up to 10 wt. % content in the final mixture. For this purpose, small-angle neutron scattering (SANS) was used. The solutions were prepared on the basis of heavy water, D 2 O, usually used to enhance the scattering contrast between hydrogen-containing organic molecules and solvent and to reduce the incoherent scattering background by hydrogen/deuterium substitution in the solvent. As regards SO aqueous solutions, the given work to some extent compensates for the lack of information on the structure and interaction of SO micelles in addition to the numerous experimental studies concerning surface tension, conductivity, Raman scattering, molar volume, osmotic pressure, surface partitioning, and transport numbers [e.g., [16] [17] [18] [19] [20] [21] . The previous SANS applications to the neat aqueous solutions of PEG in a wide range of molecular masses showed [22;23] that the polymer matches well the structure of Gaussian coils in solutions. It should be noted that in some approaches the analogous SANS data from diluted PEG solutions were interpreted in terms of the flat packed PEG aggregates [24] . The coils start to interact with each other significantly at the polymer concentration of above 3 vol. %. In concentrated solutions the polymer coils associate into rather extended formations with the size of above 30 nm [23] . were made in a standard way [25] . At large sample-detector distances (>4.5 m) the calibration patterns were obtained by recalculating the curves for H 2 O at a sample-detector distance of 1.8 m with the corresponding distance coefficients.
Experimental

Results and discussion
The obtained experimental SANS curves for the SO micelle solutions without and with addition of PEG are compared in Fig.1 . The peak in the experimental SANS curves at q < 1 nm -1 corresponds to the interaction between micelles. For the neat SO solutions (Fig.1a) , its position shifts to a larger q-value when increasing the surfactant concentration, which points to a decrease in the characteristic micelle-micelle distance in the solution. For the mixed SO/PEG solutions ( Fig.1b) a similar shift of the micelle interaction peak towards higher q-values takes place together with some changes in its width as well as the variations of the forward scattered intensity, which is proportional to isothermal solution compressibility. It should be noted that the scattering from the neat PEG solutions is negligibly small compared to the observed scattering from micelles (Fig.1c) .
For better visualization of the PEG effect on the SO micelles the scattering curves for the same SO concentration and varied PEG content are collected in Fig.1c , which clearly demonstrates that the addition of PEG can affect both the position and width of the micelle interaction peak.
Assuming that micelles are monodisperse spheres, the scattered intensity can be written in the standard form as:
where n is the number particle density; Δρ = ρ -ρ s is the contrast, the difference between the scattering length densities of the particle, ρ, and solvent, ρ s ; V is the micelle volume; F 2 (q) is the squared form-factor of a single particle (defined in such a way that F 2 (0) = 1); and S(q) is the structure-factor describing the interaction between micelles. For non-spherical micelles the wellknown decoupling approximation [26;27] , which assumes that there is no correlation between the position and size/orientation of the particles, can be used where
Here,
> is a q-dependent anisotropy factor where the brackets <…> denote the averaging over all possible micelle orientations. To describe the micelle interaction peak, for which the S(q) function is responsible, we apply the rescaled mean spherical approximation for dilute charged colloidal dispersions developed by Hansen and Hayter [28] . Since the studied micelles consist of ionic surfactant molecules, the screened Coulomb potential is used in the model: Table 1 and Table 2 , respectively. (Fig.2b,d) . Recently, similar results were obtained [33] for another ionic surfactant (dodecylbenzene sulfonic acid) which is widely used for stabilization of aqueous magnetic fluids [34;35] . Surprisingly, one can observe a slight increase in the charge per micelle at the smallest concentrations of SO (Fig. 2c) , which requires further investigation.
The decrease in the micelle aggregation number value as well as the change in the power law dependence of the aggregation number versus surfactant concentration are clearly seen in Fig.2a for the same values of the added PEG (about 2.5 wt. %) in various SO solutions. Other micelles parameters (degree of micelle ionization, charge per micelle and surface potential) keep constant or just slightly decrease with increasing SO concentration (Fig.2 b, c, d ). It should be mentioned that the well-known tendency of SO to form soaps at near-neutral pH is of little significance in the studied natural solutions of SO (pH~10) [17] .
The most pronounced effect of the presence of PEG on the SO micelles is observed for the micelle aggregation number, which significantly decreases with the addition of PEG as compared to the neat SO solutions and does not change much with the growth of the PEG concentration (Table   2 ). Other parameters vary sharply with the PEG concentration (Table 2) . Thus, the degree of micelle ionization, charge per micelle and surface potential show an increase on the small addition of the polymer of about 2 wt. % and a decrease at the PEG concentration of about 10 wt. %. Recently, similar results were obtained [36] for the mixtures of non-ionic surfactants with PEG showing the reduction of the micelle aggregation number on addition of the PEG additive and some kind of changes in the micelle structure at the constant value of surfactant and varied polymer content in the systems. A reasonable explanation for this effect is some adsorption of free surfactant on the PEG coils, which unbalances the ratio between the SO molecules in a free state and in micelles.
The effective decrease in the micelle-micelle distance (as it follows from the shift of the interaction maximum towards larger q-values) on addition of PEG can be connected with a possible decrease in cmc, which could result in an increase in the micelle concentration. However, this is highly unlikely if one takes into account the studied SO concentration range, which exceeds cmc in the neat SO solutions by at least two orders of magnitude. Also it is well known [37-41;19 ] that cmc shows only slight changes in the mixed surfactant-polymer solutions. So, the discussed change in the scattering is related to some kind of attraction between the micelles, which depends on the PEG content in a complex way as it follows from the significant variations in the maximum position and the width of the interaction peak (the corresponding changes of the interaction parameters can be followed in Table 2 ). At small PEG concentrations, the most probable candidate for the attraction mechanism is depletion forces [42] between small polymer coils and comparatively large colloidal micelles. At high PEG concentrations it is reasonable to assume that the polymer adsorbs on the micelle surface or in other words micelles are wrapped by some part of the polymer. The corresponding model was proposed by Cabane [37] for certain stoichiometric compositions surfactant/polymer/water when investigating polyethylene oxide (PEO) polymer in water on addition of sodium dodecyl sulphate (SDS) by NMR. It was estimated that only 10% of the PEO monomer units are adsorbed directly on the micellar surface. Later Gao and co-authors concluded [43] that their own results of the NMR paramagnetic relaxation method clearly indicate that the degree of solubilization of PEO in the SDS micelles is significantly higher than the Cabane's value.
It was suggested that only a small fraction of polyethylene oxide is located in the micelle electric double layer and it was also concluded that the nature of the interaction between PEO and SDS is dependent on the PEO molecular weight [43] . Here, this principally explains the change in the micelle-micelle interaction with increasing PEG concentration in the micelle solution, namely, the polymer shape is perturbed as it becomes structured around the surfactant micelles and some screening of Coulomb potential occurs due to a "polymer layer" around the charged micelles.
The obtained results are consistent with the analysis of the interaction of PEG with SO-coated magnetite nanoparticles in water-based magnetic fluids [8] , where the structure reorganization of the particle aggregates at sufficiently high PEG content was explained by the formation of the "polymer layer" around colloidal particles as a result of partial replacement of SO with PEG on the surface of magnetite.
Conclusion
To summarize, the SO micelle structure and interaction parameters were obtained as a 
